We sought to determine whether drug-eluting stents (DES) were associated with improved clinical outcomes compared with bare-metal stents (BMS) among a nationally representative, nonexperimental elderly patient cohort.
The first drug-eluting (coronary) stents (DES) used in routine clinical practice in the U.S.-sirolimus-eluting stents-received initial Food and Drug Administration (FDA) approval in April 2003 (1) . Adoption of this new technology, augmented by the approval of the paclitaxeleluting stent in March 2004, was rapid and widespread, such that the majority of percutaneous coronary intervention (PCI) procedures in the U.S. now use 1 of the 2 FDA-approved DES (2, 3) , and the annual market for DES in the U.S. alone has reached $5.3 billion (4) . Despite the rapid diffusion and widespread acceptance of this new technology, the clinical effectiveness of DES compared with the less-expensive bare-metal (coronary) stents (BMS) remains uncertain, particularly when coronary stents are used in routine, nonexperimental clinical settings.
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The authors of numerous randomized controlled clinical trials have consistently demonstrated that the use of DES reduces the rate of target lesion revascularization (i.e., the need to perform a repeat interventional procedure on a coronary stenosis that had recurred at the site of the initial stenting) compared with BMS, but DES do not reduce subsequent rates of major adverse clinical events or mortality (5) (6) (7) . More recently, reports from clinical registries and clinical trial consortiums with longer-term follow-up data have suggested the possibility of a higher rate of late stent failures-in particular, stent thrombosis-for patients receiving DES, which might further diminish the relative benefit of DES (8 -10) . Extrapolating clinical trial results to nonexperimental settings has been further complicated by the diverse clinical indications for which DES are currently used. It has been estimated that approximately 60% of drug-eluting stent use in the U.S. has been "off label," that is, used in patients with clinical conditions that do not precisely fit the FDA-approved clinical criteria that was based on entry criteria for the clinical trials (11) . It is therefore uncertain whether the clinical outcomes observed in experimental settings for DES are representative of those obtained in routine clinical practice. Therefore, the goals of this research were to measure the clinical outcomes of DES compared with BMS among a nationally representative cohort of elderly patients receiving PCI in nonexperimental settings.
Methods
Setting. The population for the study comprised Medicare beneficiaries ages 66 and older covered under fee-for-service Medicare. Medicare Part A (hospital) coverage is almost universal for Americans older than the age of 65 years, and more than 90% of elderly Americans are enrolled in feefor-service Medicare; thus, this population is nearly ideal for investigations of national trends in health care. Patients with procedure codes indicating receipt of both stent types during the same hospitalization were excluded. We also excluded any patients who had prior Medicare claims indicating they had undergone PCI or coronary bypass surgery within the 6-month period before the "index" PCI that qualified the patient for inclusion in our study. Patients were only allowed to enter the cohort once-at their earliest PCI within the designated time windows. We only included patients ages 66 years and older, because many 65-year-old patients would not be expected to have had at least 6 months of previous Medicare coverage during which time information on prior procedures and comorbidities would have been recorded. Comparison groups. For all qualifying DES and BMS recipients, we obtained data on age, race, and gender from the Medicare enrollment database. Information on clinical comorbidities and other cardiac diagnoses (e.g., acute myocardial infarction or acute coronary syndromes) was obtained from the hospitalization claim at the time of PCI (i.e., the index admission), as well as all other inpatient claims during the 6 months before the index hospitalization. We also determined whether each patient's index hospitalization had been classified as elective, urgent, or emergent. All DES and BMS recipients were then combined in a single dataset, and a multivariate propensity score for receipt of DES was calculated for each patient using a multivariable logistic regression model with receipt of DES (vs. BMS) being the dependent variable, and the demographic, clinical, and hospital factors listed previously included in the model as independent variables (12) . The propensity score is a well-validated statistical method designed to balance a large number of potential confounders equally across 2 observational cohorts of patients, without the traditional requirement of exactly matching patients 1-to-1 on each individual confounder (12, 13) .
We then matched each DES recipient to a BMS control patient by using a propensity score-matching optimization algorithm that selected an optimal match for each DES recipient among BMS patients with similar propensity scores (within 0.25 times the standard deviation of the propensity score logit) and having a minimum Mahalanobis distance calculated from key covariates (in this case, the covariates were age, diabetes, congestive heart failure, acute myocardial infarction, PCI at a high-volume center, and PCI at an academic center) (13 (14), we determined whether and when patients had died during the time interval from receipt Abbreviations and Acronyms of PCI through December 31, 2005, the last available date in our database. We used inpatient claims in the Medicare database subsequent to the index stent receipt date to determine whether patients had been hospitalized with a diagnosis of acute myocardial infarction after receiving their stent and/or if they underwent additional coronary revascularization procedures after the initial PCI. Statistical analyses. Standardized differences, calculated as percentages, were used to assess the quality of the propensity score match in reducing the potential for selection bias (13) . The percent standardized difference is calculated by dividing the absolute difference in means by the pooled standard deviation. Standardized differences of Ͻ5% after a propensity score match are generally considered indicative of adequate matching on a particular variable (15) .
Chi-square tests were used to compare differences in unadjusted outcomes ratios for DES recipients compared with BMS recipients. Cox proportional hazards survival models were fitted to compare mortality rates. Logistic regression was used to compare the odds of hospitalization for acute myocardial infarction, coronary revascularization, and the combined end point of mortality, coronary revascularization, or hospitalization for acute myocardial infarction at 1 and 2 years after PCI. The initial (unadjusted) models included only receipt of DES versus BMS as an independent variable. To further ascertain whether the propensity score match had successfully balanced covariates, as well as to control for residual confounding, we then fit these models with additional covariates, including the propensity score as well as all demographic, clinical, or hospitallevel variables that were potentially not well-balanced (i.e., p Ͻ 0.1 for comparison of means) across subcohorts defined by quintiles of propensity scores. All data analyses were performed with SAS 9.1 (SAS Institute, Cary, North Carolina). A p value of 0.05 was considered statistically significant.
Results
Analytic cohorts: match quality. We identified 76,525 patients who received DES from April through December 2003. Of these patients, 71,965 (94%) were able to be matched to contemporary BMS controls, and all DES patients were able to be matched to historical BMS controls with the use of propensity score matching. There were differences in the age, race, geographic location, prevalence of selected cardiovascular diseases, and the prevalence of other clinical comorbidities between DES patients and all potential historical BMS controls (Table 1) as well as all potential contemporary BMS controls (Table 2 ). However, after implementation of the propensity score match and exclusion of unmatchable patients, subsequent comparisons of standardized differences in propensity scores, demographics, geographic factors, hospital factors, and clinical characteristics between propensity-score-matched DES and BMS cohorts revealed minimal residual differences in the distribution of covariates.
Analytic cohorts: descriptive statistics. Patients in the final (matched) analytic cohorts were predominantly white, the majority of patients were men, and the mean age was 75 years. Approximately 14% to 15% of patients had congestive heart failure, and approximately one-quarter of the patients had been hospitalized with acute myocardial infarction at the time of their coronary stent implantation. Slightly less than one-third of each cohort had diabetes. The majority of patients were admitted to high-volume (Ն10,000 Medicare admissions per year) or moderate-volume (5,000 to 10,000 Medicare admissions per year) hospitals. Approximately one-half of each cohort was admitted to hospitals in urban areas, and approximately one-quarter of each cohort received PCI in academic hospitals. Patients in the DES cohort were followed for a mean of 2.3 years. Patients in the matched contemporary BMS cohort were followed for a mean of 2.4 years, whereas historical BMS controls were followed for a mean of 3.1 years. Survival. Recipients of DES had significantly lower 90-day, 1-year, and 2-year unadjusted mortality compared with both matched contemporary BMS controls as well as matched historical BMS controls ( Table 3 ). The absolute reduction in mortality at 2 years for DES patients was approximately 2% for the comparisons with both contemporary and historical controls. In Cox proportional hazards survival models that adjusted for the propensity score as well as for covariates that had residual, statistically significant differences across quintiles of propensity scores, DES receipt remained a significant predictor of improved survival compared with BMS receipt, with an adjusted hazard ratio of 0.83 (95% confidence interval 0.81 to 0.86) compared with contemporary controls, and an adjusted hazard ratio of 0.79 (95% confidence interval 0.77 to 0.81) compared with historical controls (Table 4 ). The 2 control groups were significantly heterogeneous (p Ͻ 0.001). Comparisons between unadjusted and adjusted coefficients and their confidence intervals indicated minimal differences, suggesting the propensity match had effectively balanced observed confounders. As a sensitivity analysis, we calculated "Rosenbaum bounds" for the minimum effect size of an unobserved variable necessary to confound the association between DES and survival (16) . These calculations indicated the prevalence of such a factor must differ between DES and BMS patients by a minimum of a 16% standardized difference. By comparison, among the 25 observed variables included in our propensity match, only the prevalence of acute myocardial infarction differed by more than a 16% standardized difference between DES and BMS patients before matching. Subsequent coronary revascularization procedures. Drugeluting stent patients had lower rates of additional coronary revascularization procedures such as additional PCI procedures or subsequent coronary bypass surgery. Absolute differences in revascularization rates were approximately 2% when compared with contemporary controls and 3% compared with historical controls, within the first year, with the same absolute differences maintained in the second year. In multivariate analyses DES recipients had significantly lower adjusted odds of undergoing additional coronary procedures compared with both contemporary and historical BMS controls. Major adverse clinical events. Patients who received DES had lower unadjusted hospitalization rates for acute myocardial infarction, with absolute differences ranging from 2% to 2.5%. Adjusted rates of hospitalization for subsequent acute myocardial infarction were likewise lower for DES patients compared with both contemporary and historical controls. In addition, DES patients had lower unadjusted and adjusted rates of the combined outcomes of hospitalization for acute myocardial infarction, coronary revascularization, or death compared to both historical and contemporary BMS control patients. Subgroup analyses. We then fitted proportional hazards survival models that included age subgroups (ages 66 to 70, 71 to 75, 76 to 80, 81 to 85, and older than 85 years) as well as race and gender interacted with DES receipt. The only statistically significant interaction was for black patients in the comparison of DES recipients to contemporary BMS controls. The DES hazard ratio for black patients (0.89, 95% confidence interval 0.79 to 0.99) significantly differed (p ϭ 0.04) from the DES hazard ratio for whites (0.78, 95% confidence interval 0.76 to 0.81). None of the other interactions were significant, suggesting the association between DES and improved survival was not modulated by age or gender.
Discussion
Among Medicare beneficiaries receiving PCI from mid-2002 to 2003, receipt of a DES was associated not only with a reduction in subsequent coronary revascularization procedures but also with a statistically significant reduction in mortality and fewer hospitalizations for subsequent acute myocardial infarction. This departure is a striking one from the results of both individual randomized controlled trials as well as pooled analyses from randomized trials, which have repeatedly demonstrated no statistical differences in survival or acute myocardial infarction between patients treated with DES versus BMS. There are 2 nonexclusive possible explanations for these findings. The first is that receipt of DES, particularly "early" in the DES era (2003), was associated with factors that were not observable in our data but which conferred a significant survival benefit. This confounder (or set of confounders) would necessarily have a strong influence on the outcomes Patients receiving DES also may have had higher quality health care than patients receiving BMS, although if this were the case, a marked difference in the comparisons between contemporary and historical controls would be expected, because historical controls would have included the same "high-quality" physicians and hospitals that more rapidly adopted DES once this technology was available. Instead, we found remarkably little difference in the comparisons between DES and BMS patients, regardless of the control group used.
The second possibility is that DES may directly confer a clinical benefit that was not observed by the randomized clinical trials. This may be a function of statistical power: each of our analyses included approximately 150,000 patients, which is nearly 30 times larger than even the largest pool of clinical trial patients. As such, we had much greater power to detect small differences in outcomes. Furthermore, many clinical trials had very strict entry criteria and an extensive array of follow-up activities that may have attenuated a difference in clinical efficacy in the trial population. Another important difference between many of the randomized controlled trials and our cohort was the age of the patients-our cohort's mean age was 75 years, whereas only 3 of 14 clinical trials analyzed by Kastrati et al. (17) had mean ages exceeding 65 years. Our patient population had a greater baseline mortality and adverse clinical event rate than many of the clinical trial populations, thus potentially magnifying differences in the effectiveness of treatments. In fact, the observed mortality rate in our cohorts (6% to 9% per year) was substantially greater than the 1% annual Unadjusted Clinical Outcomes* *Data are percentages. †Combined end point of mortality, AMI hospitalization, or coronary revascularization within the specified time period. AMI ϭ acute myocardial infarction; other abbreviations as in Table 1 .
Results of Multivariable Models: Clinical Outcomes* Tables 1 and 3 . 2004 , also by using propensity score methods to improve adjustment for confounders, but without using matching and subsequent exclusion of poorly matched patients in the outcomes analysis. Use of this technique risks the inclusion of "outlier" patients who were poorly matched across treatments, thus increasing the potential bias in estimating the effect of DES (23). Our matched analyses excluded patients who were essentially unmatchable, thus reducing the potential for outliers to bias results. DES Medicare analysis: limitations. This study was based on administrative claims data and thus is limited by the clinical detail such records inherently lack, including coronary anatomy, results of noninvasive testing, and cardiac functional status (e.g., echocardiography). Additionally, the Medicare claims we used for this study were solely derived from fee-for-service patients older than age 66 years; thus, our results may not apply to younger patients, or to patients covered by other types of insurance, including Medicare Advantage health maintenance organizations.
Detailed information about adjunctive therapy (including pharmacotherapy) for DES or BMS recipients was unavailable in this analysis of administrative claims data. It is therefore possible that patients receiving DES were more likely to receive other beneficial therapies such as aspirin, beta-blockers, and cholesterol reducing agents. Furthermore, recent evidence has suggested that maintenance of clopidogrel therapy after PCI may be more essential to reduce late adverse events for DES patients than for BMS patients. However, data on the importance of extended clopidogrel therapy for DES patients were not yet available during the time-frame of our study, in which all included patients received stents no later than December, 2003. It is also possible that patients with more complex coronary anatomy (e.g., ostial or bifurcation lesions) were selected to receive BMS even after DES were available. These lesions could have predisposed recipients to worse clinical outcomes, although published data supporting this is inconclusive.
A third limitation to our study is the lack of ideal comparison groups. Historical controls, even those who received their care with Ͻ12 months' difference in timing, may have received different quality health care in other domains as the result of ongoing enhancements in health care systems (e.g., quality management programs, electronic medical records, and so on). Furthermore, the manner in which patients were selected for PCI before the approval of DES may have systematically differed from the selection process once DES were available. Although we believe these selection pressures would have been less pronounced in the first 9 months after the new technology became availablepractice patterns typically change gradually-the possibility that a "healthier" cohort of patients was being systematically selected for PCI after the appearance of DES on the market cannot be excluded. The comparison with contemporary controls may also select for those health systems, hospitals, and physicians that were quicker to adopt innovative methods, and/or that had more resources to invest in new technology. Both of these factors could be associated with improved survival among patients independent of whether patients received DES or BMS.
Although propensity score matching can simultaneously adjust for a multitude of factors that systematically differ between BMS and DES recipients and that also affect health care outcomes, it would not be effective at controlling for unmeasured differences (as hypothesized previously) that may not be correlated with the measured variables included in the propensity score model. Our sensitivity analyses indicated that the effect of a hypothetical, clinically important unmeasured variable would have had to be sizeable, and its difference in prevalence among DES and BMS patients would need to be extraordinary, to produce the observed difference in mortality that we observed between DES and BMS patients. Among the many factors we included in our propensity score models, only acute myocardial infarction-an "off-label" indication for DES-had such a pronounced prevalence difference among DES and BMS recipients before matching. We acknowledge it is not possible to definitively disprove the existence of a similar, unobserved confounder. Implications. This study has important implications to policymakers continuing to face difficult decisions regarding the value of DES (24). One potential implication is that DES have previously unrecognized clinical value in reducing 
Conclusions
Among elderly Medicare beneficiaries treated with coronary stents between 2002 and 2003, receipt of DES was associated with a statically significant reduction in the rate of subsequent revascularization procedures, decreasing rates of subsequent hospitalization for acute myocardial infarction, and improved survival.
